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Cell adhesionl adhesion and cell motility in Dictyostelium. Here, we identify a Rap1-speciﬁc GAP
protein (RapGAP3) and provide evidence that Rap1 signaling regulates cell–cell adhesion and cell migration
within the multicellular organism. RapGAP3 mediates the deactivation of Rap1 at the late mound stage of
development and plays an important role in regulating cell sorting during apical tip formation, when the
anterior–posterior axis of the organism is formed, by controlling cell–cell adhesion and cell migration. The loss
of RapGAP3 results in a severely alteredmorphogenesis of the multicellular organism at the late mound stage.
Direct measurement of cell motility within the mound shows that rapGAP3− cells have a reduced speed of
movement and, compared towild-type cells, have a reducedmotility towards the apex. rapGAP3− cells exhibit
some increased EDTA/EGTA sensitive cell–cell adhesion at the late mound stage. RapGAP3 transiently and
rapidly translocates to the cell cortex in response to chemoattractant stimulation, which is dependent on F-
actin polymerization.We suggest that the alteredmorphogenesis and the cell-sorting defect of rapGAP3− cells
may result in reduced directional movement of the mutant cells to the apex of the mound.
© 2009 Elsevier Inc. All rights reserved.IntroductionSuccessful morphogenesis involves cell differentiation, cell migra-
tion, and cell sorting during development. Even thoughmuch progress
has been made in the study of signaling networks regulating cell fate
decisions, we have limited knowledge of the cellular processes and
molecular mechanisms that control cell–cell adhesion and cell
migration during cell sorting and morphogenesis in a developing
multicellular organism.
Multicellular development in Dictyostelium discoideum is initiated
by starvation leading to the eventual formation of a fruiting body
(Chisholm and Firtel, 2004). Multicellularity is achieved by the
orchestrated cAMP-mediated aggregation of up to 105 individual
cells to form a mound. Cells within the mound then differentiate into
prespore cells and several subpopulations of prestalk and prestalk-like
cells. The prestalk cells preferentially migrate to the apical region of
the mound to form a tip, establishing an apical to dorsal patterning
within the organismwith prestalk cells at the top and prespore cells at
the base. Like aggregation, this spatial patterning of the prestalk and
prespore cells within the developing organism is mediated by a
combination of differential chemotaxis of the cells to cAMP and cell–
cell adhesion (Chisholm and Firtel, 2004; Dormann and Weijer, 2006;m 6316, University of California,
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l rights reserved.Firtel and Meili, 2000; Siu et al., 2004). The tip elongates to form a
ﬁnger that falls over, producing a migrating slug or pseudoplasmo-
dium. The anterior ∼15–20% of the slug is comprised of three classes
of spatially organized prestalk cell types, while the majority of the
posterior is composed of prespore cells (Kimmel and Firtel, 2004;
Williams, 2006). Approximately 10% of the cells are anterior-like cells
(ALCs), a prestalk-like population that is scattered through the
prespore domain. The slug culminates to form a mature fruiting
body consisting of a spore mass on top of a stalk of vacuolated cells.
The small GTPase Rap1 is involved in the control of diverse cellular
processes, including integrin-mediated cell adhesion, cadherin-based
cell–cell adhesions, and cell polarity in mammalian cells (Bos, 2005;
Kooistra et al., 2007; Retta et al., 2006), as well as cell adhesion,
phagocytosis, and cell migration in Dictyostelium (Jeon et al., 2007a,b;
Kang et al., 2002; Kortholt and van Haastert, 2008; Rebstein et al.,
1997). Rap1 is the closest homologue of the small GTPase Ras and, like
Ras, cycles between an inactive GDP-bound and an active GTP-bound
form. Rap1 activation or deactivation is regulated by guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins
(GAPs), respectively (Bos et al., 2001).
Recent reports have demonstrated that Rap1 is rapidly and
transiently activated in response to chemoattractant stimulation
with activity peaking at ∼6 s after chemoattractant stimulation and
activated Rap1 localizing at the leading edge of chemotaxing cells
(Jeon et al., 2007b). The leading-edge activation of Rap1 regulates cell
adhesion and helps establish cell polarity by locally modulating MyoII
(Myosin II) assembly and disassembly through the Rap1/Phg2
signaling pathway. Spatial and temporal regulation of cell adhesion
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identiﬁed as a speciﬁc GAP protein for Rap1 and is involved in the
temporal and spatial regulation of Rap1 activity in the anterior of
chemotaxing cells to control cell–substratum adhesion and MyoII
assembly during chemotaxis (Jeon et al., 2007a).
To further examine the regulatory functions of Rap1, we previously
undertook a bioinformatics search for potential Rap1GAPs and
identiﬁed 10 (open reading frames containing a putative RapGAP
domain (Jeon et al., 2007b). We demonstrate that RapGAP3, the
subject of this study, regulates the levels of Rap1 activation during
morphogenesis and, by doing so, mediates the proper sorting of
prestalk and prespore cells within the multicellular aggregate by
controlling cell–cell adhesion and cell migration.
Materials and methods
Materials
We obtained LatA (Latrunculin A) and LY294002 from Sigma-
Aldrich, anti-Myc antibodies from Santa Cruz Biotechnology, mono-
clonal anti-pan-Ras (Ab-3) antibodies from Oncogene Research
Products, and glutathione-sepharose beads from Amersham Bios-
ciences. The rabbit anti-Rap1 antibodies have been described
previously (Kang et al., 2002).
Strains and plasmids
The full coding sequence of the rapGAP3 cDNA was generated by
RT-PCR, cloned into the BglII–XhoI site of pBluescript KS (−),
sequenced, and subcloned into the expression vector EXP-4(+)
containing a GFP fragment. For expression of RapGAP3 proteins
lacking the GAP or PH domains, the deletion rapGAP3 sequences
coding for amino acids 1–977 and 331–1167 were ampliﬁed by PCR
and cloned into the BglII–XhoI site of an EXP-4(+) vector, respectively.
The cDNA sequences coding for amino acid 1–337 was used for
expression of PH domains of RapGAP3. A rapGAP3 knockout construct
was made by inserting the Blasticidin resistance cassette into a BamHI
site created at nucleotide 472 of the rapGAP3 cDNA and used for a gene
replacement in the KAx-3 parental strains. Randomly selected clones
were screened for a gene disruption by PCR, which was then
conﬁrmed by Southern blot analysis.
Rap1 activation assay and Rap1 stability assay
The Rap binding domain (RBD) of mammalian RalGDS was
expressed in Escherichia coli as a GST fusion protein as described
previously (Franke et al., 1997). The puriﬁed GST-RBD of RalGDS was
used for the detection of activated Rap1 and GST-RBD from Raf1 was
used to assay Ras-GTP as described previously (Jeon et al., 2007a,b).
The Rap1 stability assay was performed as described previously
(Jeon et al., 2007b). We ampliﬁed the DNA sequence coding for amino
acids 825–1167, which includes the GAP domain, in RapGAP3 and
cloned it into the pGEX6P-1 expression vector. The GST-tagged GAP
domain of RapGAP3 was puriﬁed using glutathione-coupled sephar-
ose beads and used in the assay. The cells expressingMyc-tagged Rap1
were lysed and then incubated for 20 min with the GST-fusion GAP
domain of RapGAP3 or GST protein without any fusion protein as a
control. Then, the lysates were used for detection of GTP-bound Rap1
or GTP-bound Ras proteins in the following Rap1 or Ras activation
assay using a monoclonal antibody against the Myc tag or a
monoclonal anti-pan Ras antibody, respectively.
Development and chemotaxis analysis
Exponentially growing cells were harvested and washed twice
with 12 mM Na/K phosphate buffer (pH 6.1) and plated on Na/Kphosphate agar plates at a density of 4×106 cells/cm2. The develop-
mental morphology of the cells was examined by photographing the
developing cells with a phase-contrast microscope at the time
indicated in the ﬁgures.
For examining the distribution of the cells in a chimeric
developmental organism, 5% GFP-expressing rapGAP3− cells and 5%
RFP-expressing wild-type cells were mixed with 90% unlabeled wild-
type cells and developed on Na/K phosphate agar plates. The images
were collected on a microscope (model DMIRE2; Leica) with DIC and
ﬂuorescence imaging.
The chemotaxis towards cAMP and changes in the subcellular
localization of proteins in response to chemoattractant stimulation
were examined as described previously (Chung and Firtel, 1999; Jeon
et al., 2007a; Sasaki et al., 2004). The vegetative cells were washed
twice with Na/K phosphate buffer, resuspended at a density of
5×106 cells/ml in Na/K phosphate buffer, and pulsed with 30 nM
cAMP at 6-min intervals for 5 h. The pulsed cells were plated on glass-
bottomed microwell plates, and then a micropipette ﬁlled with
150 μM cAMP was positioned near the cells to stimulate them. The
images of chemotaxing cells were taken at time-lapse intervals of 6 s
for 30 min using an inverted microscope (TE300; Nikon) with a Plan
Fluor ELWD 40×NA 0.6 lens and a camera (CoolSnap HQ; Roper
Scientiﬁc). The data were analyzed using DIAS software (Soll
Technologies; Soll, 1999).
The quantitation of membrane or cortical localization of GFP fusion
proteins was done as described previously (Jeon et al., 2007b; Sasaki
et al., 2004). Fluorescence images were obtained using a confocal
microscope (DMIRE2; Leica) with HCX Plan Apo NA 1.40 100× or 63×
objective lenses (oil CS; Leica) and a camera (EM-CCD or ORCA-ER;
Hamamatsu Photonics). Images were captured using SimplePCI
software (Compix Inc., Imaging Systems) and were analyzed using
Metamorph software (Molecular Devices).
Analysis of cell motility in a developing multicellular organism
For examination of cell movement in a multicellular organism, 2%
RFP-labeled wild-type cells and 2% GFP-labeled rapGAP3− cells were
mixed with unlabeled wild-type cells and developed on Na/K
phosphate agar plates for 12 h. Time-lapse ﬂuorescence movies
were taken using a microscope (model TE300; Nikon). The frames
were captured by MetaMorph software (Molecular Devices), and the
movement of the ﬂuorescent cells was traced and analyzed using NIH
Image software.
Cell–cell reassociation assay
The cell–cell reassociation assay was performed as described
previously with minor modiﬁcations (Wong et al., 2002). Log-phase
cells were washed and developed on Na/K phosphate buffer agar
plates. After 10–12 h of development, the cells were collected,
dissociated mechanically into single cells by pipetting and vortexing
in the Na/K phosphate buffer, and resuspended at a density of
2×107 cells/ml. 200 μl of the dissociated cells were transferred to a
new container ﬁlled with 1.8 ml Na/K phosphate buffer with or
without 10 mM EDTA/EGTA and incubated for 20 min with constant
shaking at 180 rpm. At the end of the incubation, the reassociated cells
were ﬁxed by addition of 10% glutaraldehyde to a ﬁnal concentration
of 2% and incubated for an additional 5 min with shaking. The ﬁxed
cells were photographed. The cells before the incubation for
reassociation of the cells were used as a control.
RT-PCR analysis
Thewild-type cells were developed on Na/K phosphate agar plates
at a density of 4× 106 cells/cm2.We extracted the total RNAs using the
SV Total RNA Isolation System (Promega) from the cells at the time
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MMLV reverse transcriptase (Promega) using random hexamers and
5 μg of total RNAs. 2 μl of the cDNAs were used in the following PCR
with 20 cycles employing two gene-speciﬁc primers, one of which is
located at nt 478–496 for the 5′ primer and the other at nt 991–1011 for
the 3′ primer in the coding sequence of RapGAP3. For an internal
control, we used the universal 18S ribosomal RNA speciﬁc primers
(Jeon et al., 2007a; Schroeder et al., 2001; Weekers et al., 1994). For
RapGAP3, we used 20 PCR cycles and we used 15 cycles for the 18S
rRNA, to account for its signiﬁcantly higher concentration. Control
experiments (not shown) indicate that this protocol is in the
exponential part of the ampliﬁcation range for the two RNAs.
Results
RapGAP3 has Rap1-speciﬁc GAP activity
We identiﬁed RapGAP3 in a bioinformatics screen of the Dictyos-
telium genome sequence database (dictyBase, http://www.dictybase.
org/), as described previously (Jeon et al., 2007a). RapGAP3
(DictyBaseID: DDB0229869) contains three PH domains in its N-
terminus and a RapGAP conserved domain at the C-terminus (Fig. 1A,
Supplementary Fig. S1). The RapGAP3 GAP domain contains the
catalytic Asn residue (Asn280 in Hs-RapGAP1), which is required for
Rap1 GAP activity, suggesting RapGAP3 is a bona ﬁde RapGAP
(Brinkmann et al., 2002; Daumke et al., 2004). RT-PCR analysis
shows that RapGAP3 is expressed at all stages of development, with
expression maximal during the late aggregation stage and then
gradually decreasing until fruiting body formation (Fig. 1B).
To determine if the RapGAP3 GAP domain possesses Rap1-speciﬁc
GAP activity, we assayed the ability of the recombinant GAP domain to
stimulate the GTPase activity for Rap1 or Ras proteins using a
previously described assay (Jeon et al., 2007a,b). We added theFig. 1. Rap1 has Rap1-speciﬁc GAP activity. (A) Domain structure of RapGAP3 showing
two domains, three PH domains in the N-terminus and a RapGAP domain in the C-
terminus. (B) RT-PCR analysis of the developmental expression pattern of rapGAP3. We
synthesized the cDNAs by reverse transcription using the RNAs isolated from
developing cells at the indicated time, and ampliﬁed the 540 bp fragments at the N-
terminal region of rapGAP3. We used the 18S rRNAs as an internal control as previously
described (Schroeder et al., 2001; Weekers et al., 1994). (C) Rap1-GTP stability assay
using the GST fusion GAP domain of RapGAP3 and that of RapGAP1. The GST-fusion GAP
domain of RapGAP3 and RapGAP1 prepared and subjected to SDS-PAGE and Coomassie
blue staining. After incubating the puriﬁed GAP proteins with the cell lysates, we
precipitated GTP-bound Rap1 or Ras proteins with GST-RBD from RalGDS or Raf1,
respectively (see Materials and methods). (The results for the GAP domain from
RapGAP1 were previously presented in Jeon et al., 2007b.) We detected Myc-Rap1 or
Ras proteins by immunoblotting with anti-Myc or anti-pan-Ras antibodies, respectively.
GST proteins containing no fusion protein were used as a control.puriﬁed GST-GAP domain of RapGAP3 to cell lysates prepared from
cells expressing Myc-Rap1 and used a GST fusion of RapGAP1, which
we previously showed hadRap1-GTP but not Ras-GTPGAP activity, as a
control (Jeon et al., 2007b). After 10 min incubation, the lysates were
subjected to pull-down assay using GST-RalGDS for Rap1-GTP (RalGDS
is speciﬁc for the GTP-bound form of Rap1 (Franke et al., 1997; Jeon et
al., 2007b)) or GST-Raf1-RBD for Ras-GTP.We thenperformedWestern
blot analyses to identify Rap1 or Ras proteins using anti-Myc or pan-
Ras antibodies, respectively. As shown in Fig. 1C, the addition of
puriﬁed GST-GAP from RasGAP3 to the cell lysates led to a signiﬁcant
decrease of Rap1-GTP levels as we previously demonstrated with
RasGAP1, with the level of decrease being dependent on the amount of
GST-GAP added. No obvious change in the level of active Ras proteins
was observed as with the GAP domain from RasGAP1. The levels of
Rap1-GTP and Ras-GTP were unaffected by the addition of recombi-
nant GST. These data indicate that the GAP domain of RapGAP3
possesses GAP activity for Rap1 but not other Ras proteins.
RapGAP3 is required for proper development
To examine the possible in vivo roles of RapGAP3 in cell adhesion,
cell motility, and morphogenesis, we created a rapGAP3 null strain
(rapGAP3− cells) by homologous recombination (see Materials and
Methods). As shown in Fig. 2A, rapGAP3− cells aggregate normally to
form mounds at ∼8 h with timing and morphology similar to those of
wild-type cells (Fig. 2A). However, instead of producing a tipped
aggregate by 12 h, a process that requires the sorting of prestalk cells
to the apical region of the mound, the loose aggregates of rapGAP3−
cells disaggregate at ∼12 h and often form ring-like structures. By
∼14 h, the mutant cells reaggregate. The formation of a tip is observed
at ∼24 h in rapGAP3− cells compared to 12 h for wild-type cells.
Subsequent development of rapGAP3− cells is delayed, but normal-
looking fruiting bodies form by ∼48 h (Fig. 2B). These results indicate
that RapGAP3 is required for proper Dictyostelium development and
plays an important role at the tip forming stage (late mound stage).
Expression of GFP-RapGAP3 in rapGAP3− cells complements the
developmental phenotypes of rapGAP3− cells, with developmental
timing and morphologies similar to those of the parental wild-type
strain (Fig. 2A). Expressing truncated RapGAP3 constructs lacking
either the PH domains or the GAP domain in rapGAP3− cells does not
complement the phenotypes, indicating that these domains are
essential for RapGAP3 function (Fig. 2A).
Additionally, the tip formation defects of rapGAP3− cells suggest
that RapGAP3 might be involved in the cell sorting process, since the
cells in this developmental stage differentiate into prespore and
several prestalk cell types, and the prestalk cells sort out to form an
apical tip (Chisholm and Firtel, 2004).
Regulation of Rap1-GTP levels by RapGAP3
To determine whether RapGAP3 regulates the activation level of
Rap1 in cells, we examined basal and chemoattractant-stimulated
Rap1-GTP levels in wild-type cells and rapGAP3− cells. Wild-type and
rapGAP3− cells exhibit a similar level of Rap1-GTP in vegetative cells
and unstimulated aggregation-competent cells (Figs. 3A, B). The cAMP
chemoattractant-stimulated Rap1 activation proﬁles are similar for
the null and wild-type cells. This is in contrast to rapGAP1− cells,
which exhibit elevated basal Rap1-GTP levels and extended chemoat-
tractant-stimulated Rap1 activation kinetics (Jeon et al., 2007a). These
data suggest that RapGAP3 does not play a major role in regulating
Rap1-GTP levels during vegetative growth or at the early aggregation
stage of development.
The delay of rapGAP3− cells in forming a tipped aggregate raises the
possibility that RapGAP3 is required for the regulation of Rap1-GTP
levels during morphogenesis within the mound. To test this hypoth-
esis, we measured Rap1-GTP levels in the late mound stage cells (12 h
Fig. 2. Developmental phenotypes of rapGAP3− cells and complementation experiments. (A) Developmental morphology of rapGAP3− cells and the cells expressing GFP-RapGAP3 or
RapGAP3 lacking the GAP or PH domains. Vegetative cells were washed and plated on non-nutrient agar plates. Photographs were taken at the times indicated after plating.
Development at 8 h (wild-type earlymound stage),12 h (wild-type tip forming stage),14 h (wild-type slug stage), and 24 h (wild-type fruiting body stage) is shown. (B) Side view of
fruiting bodies. Development of rapGAP3− cells was delayed. The developmental morphologies of rapGAP3− cells at 24 h and 48 h development were compared with those of wild-
type cells and the cells expressing GFP-RapGAP3 at 24 h.
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display a dramatic decrease in Rap1-GTP levels comparedwith those in
vegetative cells. In contrast, rapGAP3− cells exhibit a slightly higher
level of Rap1-GTP in 12 h developed cells than in vegetative cells (Fig.
3C; all Rap1-GTP levels are normalized to total Rap1 and compared to
normalized Rap1-GTP levels in vegetative wild-type cells), suggesting
that RapGAP3 is required for and probably mediates the down-
regulation of Rap1-GTP levels at the late mound stage.Next, we examined the activation kinetics of Rap1 in response to
chemoattractant stimulation using cells from the late mound stage
(Fig. 3D). When aggregation-competent cells are assayed, Rap1 is
rapidly activated with a peak at 5–10 s in response to chemoattractant
stimulation and is then deactivated to the basal level within 40 s (Fig.
3B; Jeon et al., 2007a,b). Wild-type cells from 12 h mounds have Rap1
activation kinetics similar to those in aggregation-competent cells;
however, rapGAP3− cells exhibit a high, prestimulation level of Rap1-
Fig. 3. Rap1 activation level and Rap1 activation kinetics in response to chemoattractant stimulation. (A) Rap1-GTP levels of vegetative cells. The cells on the plateswere directly lysed
and then subjected to the normal Rap1 activation assay using GFP-RBD from RalGDS. (B) Rap1 activation kinetics of aggregation-competent cells in response to chemoattractant
stimulation. We assayed the activation level of Rap1 in response to cAMP using a GST-RBD from a RalGDS pull-down assay (see Materials andmethods). Aggregation-competent cells
were stimulated with cAMP for the indicated time, and analyzed by immunoblot assay using an antibody against Rap1. (C) Rap1-GTP levels of the cells at the late mound stage of
development. We collected the cells after 12 h of development on non-nutrient agar plates and performed the normal Rap1 activation assay. The Rap1-GTP levels in the cells before
starvation on the agar plates were used as controls (0 h development). The Rap1-GTP levels were quantiﬁed by densitometry and normalized with total Rap1. The Rap1-GTP level in
wild-type cells used as a control was set to 1.0 and the others are relative amounts. The data are from three separate experiments. Error bars represent S.D. (D) Rap1 activation
kinetics in response to chemoattractant stimulation in the cells at the late mound stage of development. We performed the same experiments described in panel C except we used
cells after 12 h of development, not aggregation-competent cells.
214 T.J. Jeon et al. / Developmental Biology 328 (2009) 210–220GTP compared to wild-type cells as also shown in Fig. 3C, and this
elevated level does not change after stimulation.
Taken together with the results on Rap1 stability assay, our
ﬁndings indicate that RapGAP3 is important for the regulation of
Rap1-GTP in themound andwe suggest that this function is important
for mound morphogenesis.
rapGAP3− cells exhibit defects in cell sorting
Our ﬁnding that rapGAP3− cells are delayed in forming a tip, the
ﬁrst stage of spatial reorganization within the developing aggregate,
suggests that rapGAP3− cells might not be able to undergo the proper
cell sorting required to form a tip. One approach to examine this
question is to study the ability of wild-type and rapGAP3− cells to sort
within a chimeric organism. To accomplish this, we mixed a low
percentage of GFP-expressing rapGAP3− and RFP-expressing wild-
type cells (5% each) with unlabeled wild-type cells (90%), allowed
them to develop, and observed the spatial patterns of the ﬂuores-
cently labeled cells in developing organisms (Fig. 4). Although rap-
GAP3− cells cannot properly proceed past the loose aggregate stage on
their own in the ﬁrst 24 h of development, the mixed cells form
chimeras that develop with normal morphology and timing.
In early mounds (10 h), both ﬂuorescently labeled wild-type and
rapGAP3− cells are scattered randomly throughout the hemispherical
aggregates (Fig. 4A). By the latemound stage (12 h), RFP-labeledwild-
type cells continue to be found randomly throughout the mound,
including the apical region of the mound that will form a tip, whereas
GFP-labeled rapGAP3− cells are found in all parts of the mound except
the tip. In the slug stage (14 h), although RFP-labeled wild-type cells
are present throughout the slug, GFP-labeled mutant cells preferen-
tially accumulate in the posterior 70–80% of the slug, whichpredominantly contains prespore cells (Fig. 4B). Consistent with
these rapGAP3− cells being prespore rather than ALCs, which are also
found in the posterior 70–80% of the slug, rapGAP3− cells are found in
the spore mass (sorus), while wild-type cells participate in forming all
parts of the fruiting body (Fig. 4B). Fig. 4C shows images of an early
tipped aggregate in which we obtained images focused at the top,
middle, and bottom of the mound using a spinning-disk confocal
microscope. This analysis shows that even at this early stage of mound
formation, wild-type cells are preferentially being accumulated in the
early tip over rapGAP3− cells, while in the middle and bottom of the
aggregate, cells from both strains are intermingled. In similarmixtures
of labeled rapGAP3− and wild-type cells combined with 90%
unlabeled rapGAP3− cells, wild-type cells are found only at the tip
and subsequent prestalk domains in the slug and the stalk/basal disc
domains of the fruiting body. When the same mixing experiments are
done with 5% GFP-wild-type, 5% RFP-wild-type, and 90% unlabeled
wild-type cells (or mixtures of all rapGAP3− cells), the GFP- and RFP-
labeled cells are completely intermixed (data not shown).
As cells expressing the prestalk marker ecmA preferentially localize
to the tip of aggregates (Williams, 2006), we examined the possibility
that the delayed tip formation defect of rapGAP3− cells was the result
of sorting defects of the prestalk cell population. We accomplished
this by examining multicellular aggregates comprised of 5% of rap-
GAP3− cells expressing GFP from the ecmA promoter mixed with 5%
RFP-labeled wild-type cells and 90% unlabeled rapGAP3− cells. As
shown in Fig. 4D, ecmA-GFP is expressed in rapGAP3- cells, indicating
that in the mound, rapGAP3− cells induce prestalk cell gene
expression as deﬁned by the ecmA promoter. We ﬁnd, however, that
the ecmA-GFP expressing rapGAP3− cells do not localize to the tip as
do ecmA-expressing wild-type cells (Williams, 2006; data not
shown). Instead, in the chimera, the tip is populated by wild-type
Fig. 4. Distribution of rapGAP3− cells in a chimeric developmental organismwith wild-type cells. (A) Distribution of GFP-labeled rapGAP3− cells and RFP-labeled wild-type cells in a
developmental multicellular organism at the early aggregation stage and at the late aggregation stage (B). Wild-type cells containing 5% RFP-labeled wild-type cells and 5% GFP-
labeled rapGAP3− cells were developed on the plates, and photographs were taken at the indicated times after plating. Top views of the cells at the early aggregation and the mound
stages of development show even distribution of the rapGAP3− cells and wild-type cells (in A; 10 h in B). At the late mound stage (12 h development in B), top and side views of the
cells show that RFP-labeled wild-type cells are accumulated at the apical tip region while GFP-labeled rapGAP3− cells are relatively randomly distributed. At later developmental
stages, rapGAP3− cells are preferentially found at the middle and posterior regions of the organisms (B). (C) Distribution of rapGAP3− cells expressing GFP from the ecmA prestalk
promoter and RFP-labeled wild-type cells in a developmental multicellular organism at the late mound/early tipped aggregate stage.
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the tip is not due to the inability to induce prestalk cell gene
expression as deﬁned by the ecmA promoter. These data suggest that
rapGAP3− cells are unable to properly sort to form a tip in the apical
region of the chimeric mound.
RapGAP3 is involved in the control of cell motility and cell–cell adhesion
during development
Cell sorting in themound ismediatedbya combinationof differential
chemotaxis and cell–cell adhesion (Chisholm and Firtel, 2004; Dormann
andWeijer, 2006; Firtel andMeili, 2000; Siu et al., 2004). To understand
the morphogenesis defects exhibited by rapGAP3− cells, we analyzed
their motility. As described above, we ﬁnd that Rap1-GTP levels are
similar in wild-type and rapGAP3− cells until the mound stage, and we
observe no difference in the kinetics of chemoattractant-mediated Rap1
activation in aggregation-competent cells between rapGAP3− and wild-
type cells. Not unexpectedly, we ﬁnd the parameters of cAMP-mediated
chemotaxis of aggregation-competentwild-type and rapGAP3− cells are
indistinguishable (Fig. 5A).
To determine if rapGAP3− cells exhibit defects in cell motility
within multicellular aggregates, we used time-lapse video microscopy
to examine the cell movement of individual labeled cells in multi-
cellular chimeric organisms (Figs. 5B, C; Table 1). We quantiﬁed the
speed of movement of cells in the horizontal axis of the aggregate and
the relative motility of cells towards the apex. We observed that wild-
type cells (2.09 μm/min) exhibited a moderate, but signiﬁcantly (Pvalueb0.05) higher rate of horizontal motility than rapGAP3− cells
(1.74 μm/min) in latemounds, suggesting that RapGAP3 plays a role in
cell motility during morphogenesis [Figs. 5B, C (left graph); Table 1].
Whenwe measured the relative speed of directional movement of the
cells towards the apex of the organism (vertical velocity), wild-type
cells (0.89 μm/min) showed amuch higher rate of movement towards
the apex than rapGAP3− cells (0.38 μm/min) (Fig. 5C, right graph;
Table 1). These data suggest that RapGAP3 plays a role in the
movement of cells within the mound. Further, the relative defect in
vertical movement of rapGAP3− cells is signiﬁcantly greater than the
general reduction in rapGAP3− cell motility in the mound. We suggest
that this defect may help explain the morphogenesis defects of rap-
GAP3− cells.
Differential cell cohesiveness is also a major component in the cell
sorting process during development (Siu et al., 2004). Developing
Dictyostelium cells have both EDTA (or EGTA) resistant and sensitive
adhesion mechanisms, which are associated with the adhesion
molecules Contact sites A (CsA) or DdCAD, respectively (Chisholm
and Firtel, 2004; Siu et al., 2004). To examine whether RapGAP3 is
involved in cell–cell adhesion in the multicellular organism, we
performed a cell–cell reassociation assay. We developed both wild-
type cells and rapGAP3− cells for 12 h on non-nutrient agar, and
mechanically dissociated the organisms into single cells. The
dissociated cells were allowed to reassociate with a constant shaking
for 20 min in the presence or absence of 10 mM EDTA or EGTA (Fig. 6).
After 20 min of incubation, the reassociated cells were ﬁxed by the
addition of 10% glutaraldehyde and incubated for an additional 5 min
Fig. 5. Analysis of cell motility. (A) Chemotaxis of aggregation-competent cells. Wild-type cells, rapGAP3− cells, and rapGAP3− cells expressing GFP-RapGAP3 were subjected to
normal chemotaxis assay towards cAMP after pulsing the cells for 6 h with 30 nM cAMP every 6 min. Cells were traced from the movies and analyzed by DIAS software (Soll, 1999).
Representative stacked images are shown. Images taken every minwere superimposed. The arrow indicates the direction of movement. The results of DIAS analysis are shown in the
table. Speed indicates the speed of the cell's centroid movement along the total path. Directionality is a measure of how straight the cells move, and the direction change is a measure
of the number and frequency of turns the cell makes. Roundness is an indication of the polarity of the cells. (B and C) Cell motility analysis of wild-type and rapGAP3− cells in a
chimeric developmental organism. 2% RFP-labeled wild-type cells and 2% GFP-labeled rapGAP3− cells were mixed with unlabeled wild-type cells and developed on non-nutrient
agar plates around for 12 h. Time-lapse ﬂuorescence movies were collected to assess cell motion. Labeled cells were traced from the movies and analyzed for measuring the speed of
the cell movement in the tissue. (B) Three representative side views of an organism at the indicated time. Red marks indicate the traces of RFP-labeled wild-type cells, green for
rapGAP3− cells, and black for focal plane movement. The speed of the focal plane movement was subtracted from those of cell movements. (C) Analysis of cell motility. The speed of
the traced cells was divided into two components, horizontal or vertical movements, and shown as boxplots. The horizontal line inside of the box indicates themedian of the data, the
box represents the inter-quartile range, the upper line is the maximum, and the lower line is the minimum. Wild-type cells exhibit a little higher motility than rapGAP3− cells in the
left graph (see Table 1). Wild-type cells show a signiﬁcantly higher directional movement (vertical velocity) towards an apical region of the organism than rapGAP3− cells (right
graph). Moving up was expressed with positive values and moving down was expressed with negative values in the analysis of the velocity of vertical movement.
216 T.J. Jeon et al. / Developmental Biology 328 (2009) 210–220with shaking. In the absence of 10 mM EDTA or EGTA (Fig. 6A, data for
EGTA not shown), rapGAP3− cells formed many small clumps, even
before incubation for reassociation, and then associated in aggregates
after 20 min of incubation. Wild-type cells also exhibited some re-
aggregation but the sizes of the agglomerates were generally smaller.
In the presence of 10 mM EDTA or EGTA, neither wild-type cells norrapGAP3− cells formed large clumps under our experimental condi-
tions, although some small aggregates are observed (Fig. 6B, data for
EGTA not shown). These results indicate that rapGAP3− cells have
some increased EDTA/EGTA-sensitive cell–cell adhesion compared to
wild-type cells, but it is not clear if this affects the ability of the cells to
sort in the mound.
Table 1







#1 KAx-3 (RFP) 5 1.92±0.18 0.76±0.11
rapGAP3− (GFP) 4 1.57±0.17 0.19±0.41
P value 0.02 0.06
#2 KAx-3 (RFP) 9 2.34±0.21 0.99±0.39
rapGAP3− (GFP) 10 1.90±0.37 0.39±0.33
P value 0.006 0.003
#3 KAx-3 (RFP) 5 1.82±0.18 0.82±0.18
rapGAP3− (GFP) 5 1.55±0.18 0.53±0.14
P value 0.04 0.02
Total KAx-3 (RFP) 18 2.09±0.29 0.89±0.30
rapGAP3− (GFP) 18 1.74±0.32 0.38±0.31
P value 0.002 0.0003
Wild-type cells, which were mixed with 2% RFP-labeled wild-type cells and 2% GFP-
labeled rapGAP3− cells, were developed for 12 h, and time-lapse ﬂuorescence movies
during development were recorded. Labeled cells were traced from the movies and
analyzed for cell motility. Three chimeric developmental organisms were analyzed
separately. The motility of the traced cells was divided into two components, horizontal
or vertical movements. Motility was computed by measuring the absolute distance
moved in the interval frames (n, n+1) and then dividing the distance by the time
interval between frames. Vertical velocity indicates the speed of directional movement
of the cells towards the apex of the organism. The net vertical distance moved towards
an apex was divided by the spanning time. Moving up was expressed with plus values
and moving down with minus values in the analysis of vertical velocity. P values were
computed by Student's t test. Values below 0.05 were considered signiﬁcant.
Fig. 6. Cell–cell adhesion assay of the cells at the late mound stage of development. (A)
Cell–cell reassociation assay in the absence of EDTA/EGTA or (B) in the presence of
10 mM EDTA/EGTA. Wild-type cells and rapGAP3− cells were subjected to cell–cell
reassociation assay after 12 h of development. The cells developed on non-nutrient agar
plates for 12 h were collected and resuspended in the Na/K buffer. Cells dissociated
from 12 h mounds were incubated with constant shaking to assay for reassociation.
After 20 min, the cells were ﬁxed and then photographed as described in the Materials
and methods.
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To understand the dynamics of RapGAP3, we expressed GFP-
tagged RapGAP3, which complements the rapGAP3− cell develop-
mental phenotypes (Fig. 2), and examined its subcellular localization.
In previous studies, we showed that in chemotaxing, aggregation-
competent cells, Rap1 is activated at the leading edge and RapGAP1
localizes to the leading edge with kinetics that are several seconds
slower than Rap1 activation (Jeon et al., 2007a,b). We chose to analyze
the subcellular localization of RapGAP3 in isolated aggregation-
competent cells, conditions that permit us to examine changes in
localization in response to chemoattractant stimulation and compare
these directly with our ﬁndings on RapGAP1 as we expected such
ﬁndings will be helpful in understanding how RapGAP3 might control
cell movement in themulticellular aggregate. We found that in resting
cells, low levels of GFP-RapGAP3 are found at the cell cortex and
accumulate in the regions of membrane rufﬂing (Fig. 7A). Upon
uniform chemoattractant stimulation, cytosolic GFP-RapGAP3 tran-
siently translocates to the cortex with a peak at ∼10 s, which is similar
to the kinetics for RapGAP1, as previously described, and ∼2–3 s later
than that of Ral-YFP, an indicator for Rap1-GTP (Jeon et al., 2007a,b). In
chemotaxing cells, RapGAP3 preferentially localizes to the leading
edge (Fig. 7A), the site of Rap1 activation.
As the localization of RapGAP1 to the cell cortex and leading edge
in response to chemoattractant stimulation is dependent on F-actin
polymerization (Jeon et al., 2007a), we examined the dependency of
RapGAP3 translocation to the cell cortex on F-actin assembly by using
LatA to inhibit F-actin assembly. Pretreatment of cells with LatA causes
a loss of basal GFP-RapGAP3 cortical localization and abrogates
chemoattractant-stimulated cortical translocation (Fig. 7B), suggest-
ing that the localization of RapGAP3 to the cell cortex is dependent on
F-actin assembly. The cortical localization of RapGAP1 is also
negatively regulated by IQGAP1/2 and as, in an iqgap1−/2− double
knockout strain, RapGAP1 is constitutively localized to the cell cortex
(Jeon et al., 2007a). As shown in Fig. 7C, GFP-RapGAP3 is also localized
to the cell cortex in both vegetative and aggregation-competent iq-
gap1−/2− double knockout cells. There is very little increase in the
level of RapGAP3 that localizes to the plasma membrane after
chemoattractant stimulation. We suggest that a common pathway
may control the cortical localization of both RapGAP1 and RapGAP3,and, in this pathway, IQGAP1/2 restricts RapGAP1's and RapGAP3's
cortical localization. This restriction is removed upon chemoattractant
stimulation and the localization of both RapGAPs requires F-actin
polymerization.
RapGAP3 has three PH domains in the N-terminal region. A subset
of PH domains, including those found in Akt/PKB, CRAC, and PhdA,
bind to PI(3,4)P3 and PI(3,4,5)P3 and rapidly translocate to the cell
cortex in response to chemoattractant stimulation and localize to the
leading edge in chemotaxing cells in a PI3K-dependent manner
(Funamoto et al., 2002; Meili et al., 1999; Parent et al., 1998). To
determine if the PH domains play a role in RapGAP3 function or its
cortical localization, we examined rapGAP3− cells expressing GFP-
RapGAP3ΔPH, a GFP-RapGAP3 lacking the 3 PH domains. Unlike wild-
type GFP-RapGAP3, GFP-RapGAP3ΔPH does not complement the
developmental phenotypes of rapGAP3− cells (Fig. 2A). Like rapGAP3−
cells, RapGAP3ΔPH/rapGAP3− cells for mounds that then partially
dissociate before reassociating, indicating that the PH domains are
required for the function of RapGAP3 during development. Unstimu-
lated cells display low levels of GFP-RapGAP3ΔPH at the cell cortex, and,
upon uniform cAMP stimulation, RapGAP3ΔPH rapidly translocates to
the cell cortexwith almost the same kinetics aswild-type GFP-RapGAP3
(Fig. 7D). RapGAP3ΔPH also localizes to the leading edge in chemotax-
ing cells, indicating that RapGAP3 PH domains are required for RapGAP3
function but not for its cortical localization. Consistent with these
ﬁndings, we ﬁnd that a GFP fusion of the RaspGAP3 PH domains is
cytosolic and does not localize to the cell cortex in response to
chemoattractant stimulation (Fig. 7E). As might be expected from these
ﬁndings, we observe that RapGAP3 exhibits normal membrane
localization in response to chemoattractant stimulation in pi3k1−/2−
cells and cells treated with LY294002 (Fig. 7B), indicating the PI3K
pathway is not required for RapGAP3 localization.
Because both RapGAP1 and RapGAP3 exhibit a similar leading edge
localization that is regulated by IQGAP and F-actin and RapGAP3 is
expressed through development, we examined whether RapGAP1
could complement rapGAP3− cell morphogenesis phenotype. When
we expressed RapGAP3 from an actin promoter in rapGAP3− cells as a
control, we found that all of the rapGAP3− morphogenesis defects
were complemented (data not shown). However, expression of
RapGAP1 did not complement the rapGAP3− cell defects (data not
shown), even though both RapGAP1 and RapGAP3 localize to the
leading edge of chemotaxing cells in an F-actin dependent manner.
Fig. 7. Localization of RapGAP3. (A) Localization of GFP-RapGAP3. (a) Translocation of GFP-RapGAP3 to the cell cortex in response to uniform chemoattractant stimulation. Cells were
stimulated with cAMP, and the images were taken every second. Three representative frames are shown. (b) Translocation kinetics of GFP-RapGAP3. The ﬂuorescence intensity of
membrane-localized GFP-RapGAP3 was quantitated. The graphs represent the mean of data on several cells from videos taken from 3 separate experiments. Error bars represent S.D.
(c) Spatial localization of GFP-RapGAP3 in migrating cells. The arrow indicates the direction of movement. (B) Translocation of GFP-RapGAP3 to the cell cortex upon chemoattractant
stimulation in wild-type cells pretreated with the inhibitor LY294002 or LatA, and pi3k1/2− cells. (C) Localization of GFP-RapGAP3 in vegetative iqgap1−/2− null cells and
translocation of GFP-RapGAP3 to the cell cortex upon chemoattractant stimulation in aggregation-competent iqgap1−/2− null cells. (D) Localization of GFP-RapGAP3 lacking PH
domains (GFP-ΔPH). (a) Translocation of GFP-ΔPH to the cell cortex upon chemoattractant stimulation. (b) Translocation kinetics of GFP-ΔPH to the cell cortex as described in (A).
(c) Spatial location of GFP-ΔPH in chemotaxing cells. (E) Translocation of GFP-PH to the cell cortex in response to chemoattractant stimulation. Size bar is 5 μm.
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inputs into their regulation that these inputs are critical for proper
Rap1 regulation during multicellular development.
Discussion
RapGAP3 is required for proper Dictyostelium development
Our studies demonstrate that RapGAP3 mediates the deactivation
of Rap1 at the late mound stage of development and plays a crucial
role in the differential sorting of prestalk and prespore cells and the
formation of the apical tip. We provide evidence that Rap1 signalingregulates cell–cell adhesion and cell migrationwithin the multicellular
organism. In wild-type cells, differential chemotaxis of prestalk cells
towards the apex, a site of higher cAMP production, results in the
sorting of prestalk cells to the apex and the formation of a tip, which
then extends to form the anterior portion of the migrating slug
(Chisholm and Firtel, 2004; Dormann and Weijer, 2006). We
demonstrate using chimeric organisms composed of differentially
tagged wild-type and rapGAP3− cells that wild-type but not rapGAP3−
cells are able to migrate to the apical region to form a tip. These
observations are consistent with our observed rapGAP3− phenotype of
a delay in tip formation and morphogenesis after mound formation.
Direct measurement of cell motility within the mound shows that
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wild-type cells, have a reduced motility towards the apex.
We previously demonstrated that Rap1 is activated in response to
chemoattractant stimulation and functions upstream of the Ser/Thr
protein kinase Phg2 to modulate MyoII assembly (Jeon et al., 2007b).
Through the analysis of dominant Rap1 mutants and another RapGAP,
RapGAP1, we showed that Rap1 regulates cell-substrate attachments
during growth and during chemotaxis to cAMP in aggregation-
competent cells. Further, we demonstrated that RapGAP1 regulates
the basal and spatio-temporal kinetics of Rap1-GTP in these cells. Our
ﬁndings suggest that RapGAP3 provides a similar function to
dynamically regulate Rap1-GTP levels during the multicellular stages.
We show that wild-type cells exhibit a general down-regulation of the
average level of Rap1-GTP within cells in the mound and that this
down-regulation does not occur in rapGAP3− cells. As a result of this
misregulation, cells are defective in tip formation. As tip formation is
mediated by the differential chemotaxis of prestalk cells to the apical
region of the mound to form a tip, we suggest that as in aggregation,
Rap1 signaling pathways play a key role in chemotaxis in the mound.
Loss of RapGAP3 results in a severely altered morphogenesis
(formation of a ring-like structure instead of an apical tip) of the
developmental multicellular organism at the late mound stage. We
suggest that the failure to regulate Rap1-GTP levels in rapGAP3− cells,
leading to a high level of Rap1-GTP, results in the observed
developmental phenotypes, in particular the defects in the formation
of a tip on the mound. This ﬁnding is consistent with our previous
studies showing that cells expressing constitutively active Rap1 also
exhibit a delayed multicellular development as a result of a delay in
aggregation and impaired morphogenesis (Jeon et al., 2007a).
However, the phenotypes of Rap1G12V and rapGAP3− cells overlap
but are not identical, presumably because overexpression of Rap1G12V
and loss of RasGAP3 will not affect the level of Rap1-GTP exactly the
same way and that the timing of Rap1-GTP down-regulation may
affect the morphological phenotype.
MyoII function is required for tip formation and morphogenesis
and the formation of the apical tip, and cells lacking MyoII (mhcA−
cells) are unable to effectively migrate under agar when they are
required to physically displace the agar in order to move (Chen et al.,
1995; Chisholm and Firtel, 2004; Eliott et al., 1993; Laevsky and
Knecht, 2003). Our earlier studies showed that Rap1-GTP promotes
MyoII disassembly through the activation of the Ser/Thr kinase Phg2
(Jeon et al., 2007b). The phenotypes of rapGAP3− cells are consistent
with Rap1's function in early development to regulate MyoII and
with the requirement for MyoII in tip formation. Although cells
lacking MyoII function are unable to form a tip and arrest at the
mound stage, rapGAP3− cells eventually develop. Thus, the rapGAP3−
cell phenotype is not as severe as a loss of MyoII. This is to be
expected because Rap1G12V inhibits MyoII assembly but does not
block it.
Another RapGAP, RapGAP2, has been identiﬁed which has a
phenotype that controls cell morphology during growth and multi-
cellular development during the aggregation and mound/tipped
aggregate stages but does not affect aggregation (Parkinson et al.,
2009). RapGAP1 affects both growth stages and chemotaxis during the
early stages of aggregation but appears to play no role later in
development, while RapGAP3 does not affect Rap1 function until the
mound stage. These data suggest that Dictyostelium has evolved a
complex regulatory mechanism to control Rap1-GTP at different
stages of development through the differential function of a series of
RapGAPs. Although both RapGAP1 and RapGAP3 show a similar F-
actin-dependent, leading-edge localization that is regulated by
IQGAP1/2, at least in aggregation-competent cells, RapGAP1 is unable
to complement the rapGAP3− cell phenotypes. We expect that
RapGAP1 and RapGAP3 may have signal inputs that control their
function or that they interact with different regulatory proteins that
are important for their speciﬁc functions.RapGAP3 mediates cell–cell adhesion and cell motility within a
developmental multicellular organism
Our studies also suggest that the cell sorting defect in the mound
may also result, in part, from an increased cell–cell adhesion and a
reduced directional movement of the mutant cells. Increased Rap1-
GTP levels are correlated with cell–substratum adhesiveness and
chemotaxis defects (Jeon et al., 2007a,b; Rebstein et al., 1997). Our
results suggest that increased cell–cell adhesion combines with
reduced directional movement towards the apex of the mound of
rapGAP3− cells, consistent with previous studies (Chisholm and Firtel,
2004; Firtel and Meili, 2000; Umeda and Inouye, 2004). RapGAP3 has
Rap1-speciﬁc GAP activity and transiently and rapidly translocates to
the cell cortex in response to chemoattractant stimulation, with a peak
at 10 s, similar to that of RapGAP1. Furthermore, this translocation, like
that of RapGAP1, is dependent on F-actin polymerization. These
ﬁndings suggest that, like RapGAP1, RapGAP3 regulates Rap1-GTP
levels at the leading edge of cells within the multicellular aggregate.
We suggest that the loss of RapGAP3 causes reduced directional
movement of the cells towards the top of the mound.
We also demonstrate that rapGAP3− cells exhibit increased EDTA/
EGTA sensitive cell–cell adhesion at the late mound stage. We expect
that EDTA/EGTA sensitivity is likely to be mediated by DdCAD-1, as
this is the only known EDTA/EGTA-sensitive adhesion molecule in
Dictyostelium (Siu et al., 2004). DdCAD-1 mediates Ca2+-dependent
cell–cell adhesion (EDTA/EGTA-sensitive) among Dictyostelium cells
and plays a role in cell sorting and cell-type proportioning during
Dictyostelium development (Wong et al., 1996, 2002). In mammalian
cells, Rap1 signaling mediates cadherin-mediated cell–cell adhesion
(Kooistra et al., 2007; Retta et al., 2006). Whether there is a direct
causal relationship between the increase in cell–cell adhesion in our
cell adhesion assays and the inability of rapGAP3− cells to sort is
unknown, but such a model is consistent with what is known about
themechanisms regulatingmorphogenesis in this system. Subsequent
studies will be required to determine whether Rap1 regulates DdCAD-
1-mediated cell–cell adhesion and how such a process might be
controlled.
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